INTRODUCTION
The West Antarctic ice sheet is drained to the Ross Ice Shelf by the so-called "Ross ice streams" on the Siple Coast (Fig. 1) . These ice streams, with the striking exception of Ice Stream C, have high surface velocities (400-800ma-I ). Ice Stream B has been extensively studied in the past decade;
neighboring Ice Stream C, though similar in dimensions, is moving slowly (",,5 m a-I ). At one time, Ice Stream C had a velocity presumably comparable to the present velocity of Ice Stream B (Rose, 1979; , probably as recently as 130 years ago (Retzlaff and Bentley, in press) . A viable explanation for the high velocity of Ice Stream B has been advanced (Alley and others, 1987a, b; Blankenship and others, 1987b; Rooney and others, 1987 ; these four papers together are hereafter referred to as Till 1-4); in this paper we suggest an explanation for the low velocity of Ice Stream C.
The authors of Till 1-4 hypothesized that the fast flow of Ice Stream B is due to a thin layer of deforming sediment at its base. The presence ofa weak layer beneath the ice stream was deduced from active-source seismic experiments at Upstream B camp (UpB; see Fig. 1 ), and has since been confirmed by drilling to the base of the ice stream (Engelhardt and others, 1990) . This meters-thick layer, because it is highly porous and saturated with water at high pore pressure, has very low shear strength B2 and G, respectively and is believed to deform readily in response to the shear stress applied by the overlying ice stream. Most of the velocity of Ice Stream B is believed to be taken up in rapid deformation of this till layer (Alley and others, 1987a; Kamb, 1990) . Such a layer presumably played a similar role beneath Ice Stream C when it was moving rapidly. Now, however, to a much greater extent than beneath Ice Stream B, the basal shear stress results in faulting at discrete sites either within this layer or at the ice/sediment interface. A microearthquake monitoring network at Upstream C camp (UpC; Fig. 2 ) on Ice Stream C detected over a hundred basal micro-earthquakes, whereas a similar monitoring network at UpB detected only six basal events in a similar time span. In addition, the UpC events were considerably larger than the UpB events.
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EXPERIMENTS
During the 1985-86 Antarctic field season the microearthquake monitoring network built at the University of Wisconsin was deployed at UpB (Blankenship and others, 1987a) . It was subsequently re-deployed at Downstream B camp (grid 5.20 S, 2.5 0 W) on the ice plain of Ice Stream B in 1987-88 and at UpC in 1989-90 . This "passive seismic" network consisted of nine highfrequency three-component digital seismometers connected by fiber-optic cable to a central computer and recording station. At UpB (Fig. 2) , the network was designed primarily to detect events at the base of Ice Stream B and thus a broad spread was deployed both cross-stream and in-stream to ensure good hypocenter solutions. At UpC (Fig. 3) , the network was used also as the recording site for a refraction line 60 km long (Munson and Bentley, in press ); the long cross-stream leg allowed accurate determination of apparent velocities of refracted arrivals. The two off-line stations allowed us to determine hypocenters of basal events, but with lower accuracy than at UpB. No basal events were detected at Downstream B, so we do not consider that experiment further here.
Upstrealll B
The passive seismic network at UpB was active for 85 h over a period of2! weeks. A trigger algorithm in the data logger initiated recording of all channels when a microearthquake was detected. Station 5 was always used as the trigger station. Twenty-five micro-earthquakes were recorded, including nine that originated at the base of the ice stream (the remainder had near-surface sources, presumably related to crevasses). We discuss only the six basal events that were recorded at all nine stations -the remaining three were too small to pick accurately and analyze. The epicenters of these basal events, all of which appeared to occur on the same fault plane, are marked by the triangle in Figure 2 . A fuller discussion of the observational program at UpB has been given by Blankenship and others (1987a) . We have added here an analysis of the fault-plane solution, seismic moments (a measure of seismic energy release) and slip.
Upstrealll C
The network was in place at UpC from 1 December 1988 to 4 January 1989. During this period the system was operated for 110 h. A dual-channel trigger was used for most of the experiment to ensure that the data logger only recorded events large enough to be present at more than one station -small, local events such as firnquakes and cultural noise would not trigger the array. A pre-trigger period of 2 s and a post-trigger period of 3 s were recorded. The sampling interval for all channels was 0.4ms. The storage medium (Bernoulli 10-Mbyte disks) could hold 15 events. Each seismometer was powered by a 12 V car battery connected to a 20 W solar panel. The central receiving site and data-logging computer were powered by a 1 kW gasoline-powered generator. The generator would run continuously for 24 h, at the end of which time the system was serviced and the data disk changed. Generally, the disk would fill with data before the generator shut down; on rare occasions, the generator failed early and the length of active service is unknown. Figure 4 is a typical seismogram from an event at upe. 
ANALYSIS
The analysis of all events followed the same path. The times of arrival of the P (compressional) waves were picked from the seismogram using an interactive, computer-based seismic analysis program. We used only P-wave arrivals because the P-wave velocity, Vp (ice), is known more accurately than the S-wave velocity. These times, and the corresponding station locations, were inverted to locate the hypocenter using a generalized inverse algorithm. The polarities of the first motions of the P waves were used to determine the "fault-plane solution", i.e. the orientation of the fault plane and the direction of the fault motion. Finally, the spectra of the arrivals were used to determine the moments of the events.
Location
The micro-earthquake location algorithm we used was as outlined in Lee and Stewart (1981) . The hypocenter is calculated by minimizing the residual between the observed arrival time at a station and a theoretical arrival time. This procedure was iterated until the error (the sum of the squares of the residuals) converged to a mInImum.
The choice of velocity model in the ice stream has an important influence on the accuracy with which hypocenters can be located. To simplify the model, we assumed lateral homogeneity within the bounds of the seismic network. We modeled the ice stream as a set offlat layers, each with a non-negative linear velocity-depth gradient. The zone of greatest velocity gradient is the firn (approximately the top 35 m at UpB and the top 70 m at U pC). This zone was modeled as 12-15 thin (2-10 m thick) individual layers, using Vp in the firn as determined by seismic refraction shooting (Anandakrishnan and others, 1988; Anandakrishnan, 1990) . The zone from the bottom of the firn to the base of the ice stream was treated as a constant-velocity layer. Since vp(ice) decreases with temperature and the refraction shooting determines the velocities only near the top of the ice stream, which is the coldest part of the ice column, we applied a correction to Vp (ice) of -2.3 m S-1 K-1 (Kohnen, 1974 ) from the surface temperature of -25°C to an icecolumn mean temperature of -18°e (Shabtaie and others, 1987) . It is easy to show that the differences in ray paths and travel times between straight rays in a meantemperature column and the slightly curved rays in the real ice column are negligible. Finally, receiver-elevation differences, Llz, were taken into account by applying a ray-path-dependent elevation correction, Llt, to the travel time, where Llt = Llzcosc/l/vp (ice). In effect, the firnlayer thickness is assumed to be the same beneath all the receivers, so changes in surface elevation result in a shorter or longer path within the constant-velocity ice.
Fault-plane solutions
Next, we calculated the fault planes and moments for each event. The distribution of first motions of the P waves was used to determine the orientation of the fault and the direction of the slip -the fa ult-plane solution. The amplitudes of the arrivals were corrected for the radiation pattern at the source using the fault-plane solution; we determined the moments from these corrected-amplitude seismograms.
A double-couple model of the source, which we have assumed to apply, separates the focal sphere (a small sphere surrounding the fault ) into four quadrants bounded by two orthogonal nodal planes (the fault plane and the auxiliary plane). Each quadrant should exhibit only compressional or dilatational first motion, and should be different from its neighboring quadrants (e.g. Aki and Richards, 1980; Lee and Stewart, 1981 ) . Plotting the polarities of first motions of the arrivals on an equal-area (Schmidt) plot representing th e focal sphere should reflect this pattern. Two orthogonal great circles, representing planes, then should separate the compressional from the dilatational arrivals; their positions and the pattern of first motions yield two alternative solutions for the strike, dip and slip directions of the fault. It is the usual practice in teleseismic work to use the lower hemisphere of the focal sphere, but since the rays in our study were up-going, we chose an upper-hemisphere representation instead. The hypocentral location program provided the azimuths and the take-off angles of the rays. Figure 5 is a Schmidt plot of 11 micro-earthquake events that occurred within a period of 20 min at UpC. We have assumed that all these events, which occurred so 458 soon after one another, shared the same fault-plane and we have therefore combined all the arrivals on to one plot. A solution consistent with the events in Figure 5 , and all the other events recorded at UpC as well, is a plane dipping 8° ± 5° downstream and a slip direction of 30° ± 20° to left of the ice-stream axis. (The alternative type of solution, namely a fault plane that is nearly vertical, we reject for common-sense reasons.) Due to the low velocity of Ice Stream C, the flow direction at UpC is not well determined and may not be axial. Thus, we cannot tell whether the slip direction deviates from the flow direction . For UpB, the first-motion diagram (Fig. 6 ) implies a fault of negligible dip and slip directly along flow, though the fault-plane solution is poorly constrained.
Moments
The seismic moment Mo, a measure of the energy of an earthquake, is defined by
where J.L is the rigidity and u is the average slip over the fault area A. To relate the moment to the observed displacements we use equation 4.88 of Aki and Richards (1980) , in which we replace Ail by an integral of the slip over the fault E.
where ~ is the position of the differential unit of area dE and .1u is the slip at that location. Taking the Fourier transform, 8(w), of s(t) and then setting w = 0 we have (Aki and Richards, 1980, vol. 2) 
where up(x, w) is the angular-frequency (w) spectrum of the surface displacement, x has the components, (x, y, z), :FP is the radiation-pattern correction (a function of fault orientation), £ is the distance from source to receiver, and Ps, vps, Pd and vpd are the density and P-wave velocity at the source and at the detector, respectively. We determine up(x,w -+ 0) by taking the Fourier transform of the P-wave arrival. A 0.4 sHamming window centered on the P wave was applied prior to the transform. Figure 7 is a plot of the spectrum from one such P-wave arrival. Following Brune (1970) , we fit a function of the form
to the data and determine the low-frequency spectral level up(x, w -+ 0) = D(O). 
RESULTS
The data collected at VpC are summarized in Table 1 .
During the 110 h of operation, 161 micro-earthquakes were recorded . Selected events were analyzed to determine hypocentral locations, fault-plane solutions and moments. The selection criterion was that the arrivals from these events be detected and picked at most of the stations (generally eight out of the nine). In particular, they must have been picked at the two ofT-line stations (stations 8 and 9), since the accuracy oflocation is strongly reduced by the loss of one of these stations. The epicenters of the selected events are mapped in Figure 3 . The sources of error in the depth to the microearthquake foci are the uncertainty in Vp(ice), the arrivaltime-pick errors and the station-location errors. The total uncertainty 8 was determined by (4) where Dc, Dt and Dd are the depth uncertainties due to errors in assumed velocity, pick time and station location, Our hypothesis is that the micro-earthquakes occur near the base of the ice stream. To test this hypothesis, we compared the hypocentral depths to the ice thickness determined by radar sounding in this region. No radar lines coincided exactly with the located micro-earthquakes, but a profile was run on the long arm of the seismic array -the "X line" -from station 7 to station 1. The micro-earthquakes that occur within a few hundred meters of the X line are at the base of the ice (within the depth-location error). Other event depths are progressively less the farther the events are from the X line in a direction in which the ice thickness is known to diminish. A few of the events occurred within the boundaries of the radar survey of J acobel and others (1993); there is generally good agreement between the hypocentral depths of those events and the radardetermined bed.
It cannot be determined with certainty whether the micro-earthquakes occur within the ice, at the interface or within a subglaciallayer. We consider it unlikely, though, that they occur within the ice. Faulting within a glacier has rarely been observed. Kamb and LaChapelle (1968) did find faults beneath an ice fall at the base of Blue Glacier, but the situation there was extreme: the surface slope was 28 0 and the bed slope was 22 0 , steepening to 55 0 a slight distance downstream. Their observation accords with the studies of Butkovich (19S6) , who found that rapid loading was necessary to cause the ice to act as an elastic material and fracture. In contrast, the rate of change of stress beneath Ice Stream C is small, so the ice near its base probably acts as a plastic material, particularly as it is at or near the melting point.
The other possibilities both must be considered, and in the next section we calculate correspondingly two sets of focal parameters for the micro-earthquakes, since the moments are functions of the seismic velocities and the densities at the source (see Equation (2)). Values of these variables in the subglaciallayer have not been measured but can be estimated. Seismic refraction experiments at UpC (Munson and Bentley, in press) and an examination of refracted arrivals from the micro-earthquakes (Anandakrishnan, 1990) indicate the presence beneath the ice of a sedimentary layer approximately 100--500 m thick in which the seismic velocities are less than the velocity in ice (Anandakrishnan, 1990) . Rooney (1988) found from reflection data that within the sedimentary column beneath Ice Stream B, which is probably similar to that beneath Ice Stream C, Vp ~ 2 km S-I and p ~ 2 Mg m-3 ; Atre and Bentley (1990) found a similar velocity beneath Ice Stream C. We have adopted those values to calculate moments for intra-sediment micro-earthquakes (Table 2) .
If the micro-earthquakes occurred right at the icesediment boundary, we do not have well-defined parameters; presumably, the moments will lie between values calculated using the velocities and densities respectively in the sediment and in the ice. We have therefore calculated moments for the latter set of parameters as well as the former to provide an upper bound on moments for foci at the boundary (Table 2) .
From the moments, we can determine the amount of motion of Ice Stream C that is due to "stick-slip" faulting. We model the base of the ice stream as a slipplane separating a stationary substrate from the ice stream. All the observed micro-earthquakes have the same fault-plane solution: a plane parallel to the bottom of the ice and slip at 30 0 counterclockwise from the axis of the ice stream. Individual micro-earthquakes produce slip on only a small part of this plane but, by summing up all the events, we can estimate the contribution to the velocity of the ice stream.
For a series of n earthquakes of moments MOl, Ma 2 , ••• , Man occurring in a time interval T and distributed evenly on a slip-plane of area Ab, the average relative velocity of one side of the plane relative to the other (in "stick-slip" motion), VSB is (see Equation (1)) 1 n . 
where (Mo) is the mean seismic moment and (T) is the mean inter-event time.
Ab is the area of the bed to which the seismic array was sensitive for an average-sized event, which is different for the two modes in which the array was operatedsingle-channel and dual-channel trigger. A single-station trigger is sensitive to a part of the bed determined by the radiation pattern of the source. The P-wave radiation pattern for a horizontal double couple is proportional to sin 2~ cos () (Aki and Richards, 1980) , where rp is the takeoff angle and () is the azimuth relative to the slip direction. The displacement at the surface is then proportional to sin2~cos(}li. The peak displacement is at rp = ±71-j4 and () = 0,1r. Call the recorded displacement (in terms of amplifier output voltage) due to an average-size event recorded by the array a and the trigger threshold O-th. Then
determines the (~, ()) region to which the trigger station was sensitive. Equation (7 ) defines two approximately elliptical regions of the base of the ice stream (Fig. 8) . For the single-station trigger at UpC (up(x,w --+ 0) = 4.6 X 10-11 m s) a = 0.58 V and D.th = 0.12 V; the total area of the two resulting ellipses is 11.3 km 2 • The area of sensitivity for a dual-station trigger is determined by setting a = 1.2 V (the displacement due to a typical dualstation-trigger event) in Equation (7); D.th is unchanged. The intersections of the pairs of regions thus delineated (Fig. 8) Most of the events recorded occurred in the area marked by the dashed rectangle. Clearly, we would expect a much higher frequency of triggering when station 3 was used as a trigger than for either dual-trigger arrangement. This is reflected in Table 1 -the frequency of events is 13 h-I for "Single (3)", but only 1 h-I or less for the dual triggers -and also in Table 2 , which shows VSB for the single-station trigger case to be an order of magnitude greater than for a dual trigger. As the local ice velocity shows no major change in this part of Ice Stream C (Whillans and Van der Veen, 1993) , we conclude that the localization reflects a zone of weakness within the bed.
The rigidity J.L = pv.2, where V. is the shear-wave velocity at the source. In ice Vs = 1.94 km S-I and p=0.917Mgm-3 , so J.L=3.46 X 10 9 Nm-2 . In the bed we assume Vs = 1 km s-1 and p = 2 Mg m-3 (rough estimates since we have no measurements), whence J.L = 2 X 1Q9Nm-2 . We used 8 Hz geophones that have a flat response to 250 Hz. The recording system was calibrated and measured prior to deployment so that all channels had identical amplification (see Blankenship and others (1987a) for a description of the recording system). The ambient noise level (the r.m.s. signal in the absence of an event) drifted less than 10% during the course of the season, and some of that change was due to better coupling of the geophones by compaction of the firn.
For events in the sediment, the amplitude-transmission factor P' P' for P waves passing into the ice is 1.05 < P' P' < 1.42 for the angles of incidence we observe: for the mean angle of incidence (f/J) = 63 0 P' P' = 1.3. We have applied this factor to calculate (Mo) for events assumed to be in the sediment.
The mean inter-event times (T) were determined at UpC simply by taking the mean of the inter-event times between successive events that were successfully located. At UpB, the six events all occurred in a single swarm and no other basal events were observed. Thus, we can only estimate an effective inter-event time at UpB by taking the total recording time (T = 85 h) divided by the number of events: (T) = Tin = 5 X 10 4 s. (The actual inter-event time between the six events at UpB is 240 ± 90 s, but this obviously is not the value to use in the calculation of VSB.) The parameters and resulting VSB for faults assumed in the subglacial sediment and in the ice (the upper bound for faulting at the boundary), respectively, for Ice Stream C are summarized in Table 2 . Overall, 4 J.Lm a-I < Vss < 100 J.Lm a-I, which is four to six orders of magnitude less than the surface velocity of a few m a-I measured by I. M. Whillans (personal communication, 1992) for the central part of the ice stream. While small, this speed is three orders of magnitude larger, and the relative contribution to glacial motion some five orders of magnitude larger than beneath Ice Stream B, where slip on faults is responsible for only 0.01-0 .03 J.Lm a-I (Table  2) , whereas the surface velocity is 450 m a-I (Whillans and others, 1987) .
DISCUSSION
Beneath Ice Stream B there is a thin (6-15 m) till layer characterized by a very low effective pressure ('" 0.1 MPa) and a relatively high porosity (n ~ 0.4) that deforms in response to the shear stress at the base of the ice, thus accommodating a high sliding velocity (Till 1-4; Engelhardt and others, 1990) . Since rapid deformation of the till must result in transport and discharge of material at the grounding line, either erosion of the till's substrate or an influx of till beneath the head of the ice stream is required to maintain a steady-state system. Presumably, the former rapid motion ofIce Stream C also required a deforming till layer at the bed.
Our results suggest the possibility that the switch from fast to slow flow of Ice Stream C occurred because the dilatant till layer increased in strength owing to a reduction in porosity so that it no longer deformed in a ductile manner. Wong (1990) and others, ( 1987, 1990) performed laboratory experiments on porous rocks that delineated a bound a ry between brittle and ductile behavior as a function of effective pressure and porosity. They observed tha t a d ecrease in porosity below some threshold resulted in a change from homogeneous deformation to shear localized on discrete slip-planes in response to appli ed stress. Zhang and others (1990) found that at an effective pressure dP ~ 50 MPa the boundary occurs at porosity n ~ 0.2. At lower effective pressures, the boundary is at higher porosity but is not well known. D. M. Davis (personal communication, 1990 ) estimated that, for dP = 0.1 MPa, n is in the range 0.3-0.4. Thus, a reasonable consequence of a reduction in porosity from n = 0.4 to n ~ 0.3 is an increase in seismic activity in the till.
Such a decrease in porosity, associated with a loss of dilatancy, is a likely way to terminate the rapid motion of the ice stream. Whether or not the weak, dilatant bed is the controling factor on the movement rate of the ice stream, it presumably at least provides lubrication of the ice-bed interface without which the ice stream would stagnate. Retzlaffand Bentley (1993) have shown that the stagnation of most ofIce Stream C took place rapidly, i.e. within a matter of a very few decades at the most. We agree with Retzlaff and Bentley (in press ) that such a rapid stagnation could only have been the result of some kind of re-organization of the basal water system.
Free water exists immediately below Ice Stream B (personal communication from H. Engelhardt, 1992) and is needed to draw off the water produced by basal melting (Alley, 1989) . The free-water. system presumably could re-adjust itself rapidly, as it does under surging glaciers (Kamb, 1987 ) , whereas any process involving water transmission through the nearly impermeable basal till (the hydraulic conductivity in the till beneath Ice Stream B is on the order of 1O-8m S-1 (personal communication from H . Engelhardt, 1992) ) or elimination of the lubricating layer by erosion would surely take longer by orders of magnitude.
CONCLUSION
If our observations are representative, micro-earthquakes occur 20 times more frequently at the base of Ice Stream C than at the base ofIce Stream B and contribute more to the motion of the ice stream by about three orders of magnitude in absolute velocity, which is a five order-ofmagnitude larger contribution relative to the ice-stream velocity. This result emphasizes the importance of the basal till to controling ice-stream flow. We presume that micro-earthquakes were much fewer also under Ice Stream C when it was active, and that the activity has increased as a result of a decrease in porosity of the subglacial till. If our presumption is correct, the implication is that the transition of the ice stream from fast to slow flow occurred through dewatering and loss of dilatancy in the lubricating till layer.
